INTRODUCTION
One of the most important implications of quantum chromodynamics (&CD) is that nuclear systems and forces can be described at a fundamental level.llZ The theory provides natural explanations for the basic features of hadronic physics: the meson and baryon spectra, quark statistics, the structure of the weak and electromagnetic current,s of hadrons, *-the scale-invariance of hadronic interactions at short distances, and evidently, color (i.e., quark and gluon) confinement at large distances. Many different and diverse tests have confirmed the basic predictions of QCD; however, since tests of quark and gluon interactions must be done within the confines of hadrons there have been few truly quantitative checks. Nevertheless, it appears likely that &CD is the fundamental theory of hadronic and nuclear interactions in the same sense that QED gives a precise description of electrodynamic interactions.
QCD is a renormalizable non-Abelian gauge theory of color-triplet quark and coloroctet gluon Gelds invariant under color-SU(3) transformations. The fundamental degrees of freedom of nuclei as well as hadrons are postulated to be the spin-l/2 quark and spin-1 gluon quanta. Nuclear systems are identified as color-singlet composites of quark and gluon fields, beginning with the six-quark Fock component of the deuteron. An immediate consequence is that nuclear states are a mixture of several color representations which cannot be described solely in terms of the conventional nucleon, meson, and isobar degrees of freedom: there must also exist "hidden color" multi-quark wavefunction componentsnuclear states which are not separable at large distances into the usual color singlet nucleon clusters. There are also a number of new perspectives for nuclear dynamics:
* Work supported by the Department of Energy, contract DEAC03-76SF00515 Invited talk presented at the Tenth International Conference on Few Body Problems in Physics Karlsruhe, Germany, August 21-27, 1983 1. The electromagnetic and weak currents within a nucleus are carried solely by the quark fields at any momentum transfer scale Q2 = -2. In the deep inelastic, large Q2, large p . q = Mu domain, the lepton scatters essentially incoherently off of the individual quark constituents of the nucleus, giving point-like cross sections characteristics of Bjorken scaling,modified by logarithmic corrections to scale-invariance due to QCD radiative corrections. At low momentum transfer the quark currents become coherent, giving cross sections characteristics of multi-quark, nucleonic, or mesonic currents.
2. The nuclear force between nucleons can in principle be represented at a fundamental level in QCD in terms of quark interchange (equivalent at large distances to pion and other meson exchange) and multiplegluon exchange.3 Although calculations from first principles are still too complicated, recent results derived from effective potential, bag, and soliton models' suggests that many of the basic features of the nuclear force can be understood from the underlying QCD substructure. At a more basic level one can give a direct proof5 from perturbative QCD that the nucleonnucleon force must be repulsive at short distances (see Section 3).
-J-3. Because of asymptotic freedom, the effective strength of QCD interactions becomes logarithmically weak at short distances and large momentum transfer 4n as(Q2) = ,90 log( Q2/A&D) (Q2 >> A2) .
(14 n/ is derived from the gluonic and quark loop corrections to the effective coupling constant; "1 is the number of quark contributions to the vacuum polarizations with rn$. s Q2.] The parameter *CD normalizes the value of aa at a given momentum transfer Qi > A2, given a specific renormalization or cutoff scheme. Recently ad has been determined fairly unambiguously using the measured branching ratio for upsilon radiative decay T(66) -+ yX?r' a,(0.157 My) = ad(l.5 GeV) = 0.23 f 0.13 . where7 Av = Am e5j6 2: 270f 100 MeV. Thus the effective physical scale of QCD is -1 f;l. At momentum transfers beyond this scale, a8 becomes small, QCD perturbation theory becomes applicable, and a microscopic description of shortdistance hadronic and nuclear phenomena in terms of quark and gluon subprocesses becomes viable. In this lecture we will particularly emphasize the use of asymptotic freedom and light-cone quantization to derive factorization theorems, S-10 -rrgorous boundary conditions, and exact results for nuclear amplitudes at short distances.5~11~12 This includes the nucleon form factor at large momentum transfer,lO meson photoproduction amplitudes, deuteron photo-and electrc+disintegration,12 and most important for nuclear physics, exact results for the form of the form factor of nuclei at large momentum transfer.5*11 Eventually it should be possible to construct fully analytic nuclear amplitudes which at low energies fit the standard chiral constraints and low energy theories of traditional nuclear physics while at the same time satisfying the scaling laws and anomalous dimension structure predicted by QCD at high momentum transfer.
4. Since &CD has the same natural length scale -1 fm as nuclear physics it is difficult to argue that nuclear physics can be studied in isolation from &CD. Thus one of -Jthe most interesting questions in nuclear physics is the transition between conventional meson-nucleon degrees of freedom to the quark and gluon degrees of freedom of &CD. As one probes distances shorter than A& -1 /m the meson-nucleon degrees of freedom must break down, and we expect new nuclear phenomena, new physics intrinsic to composite nucleons and mesons, and new phenomena outside the range of traditional nuclear physics. One apparent signal for this is the experimental evidence13 from deep inelastic lepton-nucleus scattering-that nuclear structure functions deviate significantly from simple nucleon additivity, much more than would have been expected for lightly bound systems. Further, as we discuss in Section 5, there are many areas where QCD predictions condict with traditional concepts of nuclear dynamics.
EXCLUSIVE PROCESSES IN &CD
One area of important progress in hadron physics in the past few years has been the extension of QCD predictions to the domain of large momentum transfer hadronic and nuclear amplitudes including nuclear form factors, deuteron photodisintegration, etc.'
A key result is that such amplitudes factorize at large momentum transfer in the form --of a convolution of a hard scattering amplitude T' which can be computed perturbatively from quark-gluon subprocesses multiplied by process-independent "distribution am-plitudes" 4(z, Q) which contain all of the bound-state non-perturbative dynamics of each of the interacting hadrons. To leading order in l/Q the scattering amplitude has the form [see Fig. l 
Here TH is the probability amplitude to scatter quarks with fractional momentum 0 < Zj < 1 from the incident to final hadronic directions, and #Hi is the probability amplitude to find quarks in the wavefunction of hadronic Hi collinear up to the scale Q, and (2.2) A key to the derivation of this factorization of perturbative and non-perturbative dynamics is the use of a Fock basis {$n(zi, E,i, Xi)} defined at equal r = t + z/c on the light-cone to represent relativistic color singlet bound states9 Here Xi is the helicity; zi E (k" + k")/bO + P"), (Cowl zi = 11, and zli, (C~-l xii = 0) are the relative momentum coordinates. Thus the proton is represented as a column vector of states $J~~~, tiqqqg9, =TQ* * -* In the light-cone gauge, A+ = A0 + A3 = 0, only the minimal "valence" Fock state needs to be considered at large momentum transfer since any additional quark or gluon forced to absorb large momentum transfer yields a power-law suppressed contribution to the hadronic amplitude. For example at large Q*, the baryon form factor takes the is the valence Bquark wavefunction evaluated at quark impact separation 6~ -O(Q-').
Since 4~ only depends logarithmically on Q2 in &CD, the main dynamical dependence of FB(&~) is the power behavior (Q2)-2 derived from scaling of the the elementary propagators in TH. Thus, modulo logarithmic factors, one obtains a dimensional counting rule for any hadronic or nuclear form factor at large Q2 (X = X' = 0 or l/2) l4 "where n is the minimum number of fields in the hadron. Since quark helicity is conserved in TH and 4(Zi, Q) is the Lz = 0 projection of the wavefunction, total hadronic helicity is conserved15 at large momentum transfer for any &CD exclusive reaction. The dominant -nucleon form factor thus corresponds to F1(Q2) or GM(Q~); the Pauli form factor is suppressed by an extra power of Q 2 In the case of the deuteron, the dominant form .
factor has helicity X = X' = 0, corresponding to 4Am.
The general form of the logarithmic dependence of F(Q2) can be derived from the operator product expansion at short distance or by solving an evolution equation for the distribution amplitude computed from gluon exchange pig. l(c)], as we discuss in Section 3 for the deuteron. The result for the large Q2 behavior of the baryon form factor in QCD is8~lo
where the Yn are computable anomalous dimensions of the baryon 3-quark wave function at short distance and the dm, are determined from the value of the distribution amplitude ~B(z, Q$ at a given point Q$. Asymptot ically the dominant term has the minimum anomalous dimension. The predicted sign of GpM(Q2) at large Q2 is the same as GpM(0).
The dominant part of the form factor comes from the region of the z integration where each quark has a finite fraction of the light cone momentum; the end point region where the struck quark has z 21 1 and spectator quarks have z -0 is asymptotically suppressed by quark (Sudakov) form factor gluon radiative corrections.
As shown in Fig Despite the complexity of the multi-color representations of nuclear wavefunctions, the analysis5 of the deuteron form factor at large momentum transfer can be carried out in parallel with the nucleon case outlined in Section 2. Only the minimal t&quark Fock state needs to be considered to leading order in l/Q*. The deuteron form factor can then be written as a convolution (see Fig. 3 In order to make more detailed and experimentally accessible predictions, we will define the "reduced" nuclear form factor11~12 in order to remove the effects of nucleon compositeness (see Section 4):
The arguments for the nucleon form factors (FN) are Q2/4 since in the limit of zero binding energy each nucleon must change its momentum from -p/2 to (p + 9)/i?. Since the leading anomalous dimensions of the nucleon distribution amplitude is CF/2/3, the QCD prediction for the asymptotic Q2-behavior of /d(Q2) is5 , (3.7) where -(2/5)(C~/p) = -8/145 for n/ = 2.
Although this QCD prediction is for asymptotic momentum transfer, it is interesting to compare (3.7) directly with the available high Q2 data'" (see Fig. 4 ). In general one would expect corrections from higher twist effects (e.g., mass and iF1 smearing), higher order contributions in a8(Q2), as well as non-leading anomalous dimensions. However, the agreement of the data with simple Q2fd(Q2) -const behavior for Q2 > l/2 Gev implies that, unless there is a fortuitous cancellation, all of the scale-breaking effects are small, and the present QGD perturbative calculations are viable and applicable even in the nuclear physics domain. The lack of deviation from the QCD parameterization also suggests that the parameter A in ( We note that the deuteron wave function which contributes to the asymptotic limit of the form factor is the totally antisymmetric wave function corresponding to the orbital Young symmetry given by [6] and isospin (T) + spin (S) Young symmetry given by (33).
The deuteron state with this symmetry is related to the NN, AA, and hidden color (CC) physical bases, for both the (TS) = (01) and (10) Thus the physical deuteron state, which is mostly $NN at large distance, must evolve to the $$]{33} state when the six quark transverse separations bi s 0(1/Q) -+ 0. Since this state is 80-percent hidden color, the deuteron wave function cannot be described by the meson-nucleon isobar degrees of freedom in this domain. The fact that the six-quark color singlet state inevitably evolves in QCD to a dominantly hidden-color configuration at small transverse separation also has implications for the form of the nucleon-nucleon 6 = 0) potential, which can be considered as one interaction component in a coupled channel system. As the two nucleons approach each other, the system must do work in order to change the six-quark state to a dominantly hidden color configuration; i.e., QCD requires that the nucleon-nucleon potential must be repulsive at short distances3p5 (see Fig.   5 ). The evolution equation for the six-quark system suggests that the distance where this change occurs is in the domain where aa most strongly varies. On the other hand, the explicit evaluation of the multiquark hard-scattering amplitudes needed to predict the normalization and angular dependence for a nuclear process, even at --leading order in o8 requires the consideration of millions of Feynman diagrams. Beyond leading order one must include contribution of non-valence Fock states wavefunctions, and a rapidly expanding number of radiative corrections and loop diagrams.
The reduced amplitude method, 11J2 although not an exact replacement for a full QCD calculation, provides a simple method for identifying the dynamical effects of nuclear substructure, consistent with covariance, &CD scaling laws and gauge invariance. The basic idea has already been introduced in Section 3 for the reduced deuteron form factor.
More generally if we neglect nuclear binding, then the light-cone nuclear wavefunction can be written as a cluster decomposition of collinear nucleons: $,I~ = $N/A IN *,lLV where each nucleon has l/A of the nuclear momentum. A large momentum transfer nucleon amplitude then contains as a factor the probability amplitude for each nucleon to remain intact after absorbing l/A of the respective nuclear momentum transfer @/A. We can identify each probability amplitude with the respective nucleon form factor F (ii = -$ 1~).
Thus for any exclusive nuclear scattering process, we define the reduced nuclear amplitude
The QCD scaling law for the reduced nuclear amplitude m is then identical to that of =?-nuclei with pointlike nuclear components: e.g. the reduced nuclear form factors obey It is also possible to use these QCD scaling laws for the reduced amplitude as a paramctrization for the background for detecting possible new dibaryon resonance states. At long distances and low, non-relativistic momenta, the traditional description of nuclear forces and nuclear dynamics based on nucleon, isobar, and meson degrees of freedom appears to give a viable phenomenology of nuclear reactions and spectroscopy. It is natural to try to extend the predictions of these models to the relativistic domain, e.g. by utilizing local meson-nucleon field theories to represent the basic nuclear dynamics, and to use an effective Dirac equation to describe the propagation of nucleons in nuclear matter.#i An interesting question is whether such approaches can be derived as a %orrespondence" limit of &CD, at least in the low momentum transfer (Q*$ < 1) and low excitation energy domain ( MV < M' * -A4*).
As we have discussed in Sections 2 and 4, the existence of hidden-color Fock state components in the nuclear state precludes an exact treatment of nuclear properties based on meson-nucleon-isobar degrees of freedom since these hadronic degrees of freedom do not form a complete basis on &CD. Since the deuteron form factor is dominated by hidden color states at large momentum transfer, it cannot be described by np, AA wavefunction components on meson exchange currents alone. It is likely that the hidden color states
give less than a few percent correction to the global properties of nuclei; nevertheless, '--.e, since extra degrees of freedom lower the energy of a system it is even conceivable that the deuteron would be unbound were it not for its hidden color components! Independent of hidden color effects, we can still ask whether is it possible-in principleto represent composite systems such as meson and baryons as local fields in a Lagrangian field theory, at least for sufficiently long wavelengths such that internal structure of the hadrons cannot be discerned. Here we will outline a method to construct an effective Lagrangian of this sort. First, consider the ultraviolet-regulated QCD Lagrangian density f. bcD defined such that all internal loops in the perturbative expansion are cut off below a given lnomentum scale K. Normally K is chosen to be much larger than all relevant physical scale. Because QCD is renormalizable, LacD is form-invariant under changes of K provided that the coupling constant Ok and quark mass parameter m(K*) are appropriately defined. However, if we insist on choosing the cutoff K to be as small as hadronic scales then extra (higher twist) contributions will be generated in the effective Lagrangian density:g where Lt is the standard Lagrangian and the "higher twist" terms of order K-*, rc-l, . . . Aside from such estimates, the effective Lagrangian (5.2) only has utility as a rough tree graph approximation; in higher order the hadronic field terms give loop integrals highly sensitive to the ultraviolet cutoff because of their non-renormalizable character. Thus an effective meson-nucleon Lagrangian serves to organize and catalog low energy constraints ---A* and effective couplings, but it is not very predictive for obtaining the actual dynamical and off-shell behavior of hadronic amplitudes due to the internal quark and gluon structure.
Local Lagrangians field theories for systems which are intrinsically composite are however misleading in another respect. Consider the low-energy theorem for the forward Compton amplitude on a (spin-average) nucleon target "lea M e* lp+p(u't=o)=-24.j' -. Mp (5.3)
One can directly derive this result from the underlying quark currents as indicated in Fig.   8(b) . However, if one assumes the nucleon is a local field, then the entire contribution to the Compton amplitude at Y = 0 would arise from the nucleon pair x-graph amplitude, as indicated in Fig. 8(a) . Since each calculation is Lorentz and gauge invariant, both give the desired result (5.3). However, in actuality, the nucleon is composite and the N N pair term is strongly suppressed: each qpp vertex is proportional to W'c(0)l~~) CI: f-id&* = 4M;) ; (5.4
i.e.: the timelike form factor as determined from c+e-+ pp near threshold. Thus, ras would be expected physically, the NN pair contribution is highly suppressed for a composite system (even for real photons). Clearly a Lagrangian based on local nucleon fields gives an inaccurate description of the actual dynamics and cannot be trusted away from the-forward scattering, low energy limit.
We can see from the above discussion that a necessary condition for utilizing a local
Lagrangian field theory as a dynamical approximation to a given composite system H is that its timelike form factor at the Compton scale must be close to 1: For example, even if it turns out that the electron is a composite system at very short distances, the QED Lagrangian will still be a highly accurate tool. Equation (5.5) fails for all hadrons, save the pion, suggesting that effective chiral field theories which couple point-like pions to quarks could be a viable approximation to &CD.
More generally, one should be critical of any use of point-like couplings for nuclconantinucleon pair production, e.g. in calculations of deuteron form factors, photo-and electrodisintegration since such contributions are always suppressed by the timelike nucleon form factor. Note TN N point-like couplings are not needed for gauge invariance, once all quark current contributions including pointlike up pair terms are taken into account.
We also note that a relativistic composite fermionic system, whether it is a nucleon or An essential property of a predictive theory is its renormalizability, the fact that physics at a very high momentum scale k* > n* has no effect on the dynamics other than to define the effective coupling constant a(~*) and mass terms m(rc*). Renormalizability also implies that fixed angle unitarity is satisfied at the treegraph (nc+loop) level. In addition, it has recently been shown that the tree graph amplitude for photon emission for any renormalizable gauge theory has the same amplitude zero structure as classical electrodynamics. Specifically, the tree graph amplitude for photon emission caused by the scattering of charged particles vanisher (independent of spin) in the kinematic region where the ratios &i/pi* k for all the external charged lines are identical.% This "null zone" of zero radiation is not restricted to soft photon momentum, although it is identical to the kinematic domain for the complete destructive interference of the radiation associated with classical electromagnetic currents of the external charged particles. Thus the tree graph structure of gauge theories, in which each elementary charged field has zero anomalous moment (g = 2) is properly consistent with the classical (g = 0) limit. On the other hand, local field theories which couple particles with non-zero anomalous moments violate fixed angle unitarity and the above classical correspondence limit at the tree graph level. The anomalous moment of the nucleon is clearly a property of its internal quantum structure;
by itself, this precludes the representation of the nucleon as a local field.
The essential conflict between quark and meson-nucleon field theory is thus at a very basic level: because of Lorentz invariance a conserved charge must be carried by a local (point-like) current; there is no consistent relativistic theory where fundamental constituent nucleon fields have an extended charge structure.
CONCLUSIONS
The synthesis of nuclear dynamics with the quark and gluon processes of quantum chromodynamics is clearly a basic fundamental problem in hadron physics. The short distance behavior of the nucleon-nucleon interaction as determined by QCD must join smoothly and analytically with the large distance constraints of nuclear physics. As we have emphasized, the fundamental mass scale of &CD is comparable with the inverse =?-nuclear radius; it is thus difficult to argue that nuclear physics at distances below -1 /m can be studied in isolation from QCD: meson and nucleon degrees of freedom of traditional nuclear physics models must become inadequate at momentum transfer scales 2 200 hleV -where nucleon substructure becomes evident.
Thus the essential question for nuclear as well as particle physics is to understand the transition between the meson-nucleon and quark-gluon degrees of freedom. There should be no illusion that this is a simple task; one is dealing with all the complexities and fascinations of &CD such as the effects of confinement and non-perturbative effects intrinsic to the non-Abelian theory. Such considerations also enter the physics associated with the propagation of quarks and gluons in nuclear matter and the phenomenology of hadron and nuclear wavefunctions.
Despite the difficulty of the non-perturbative domain, there is reason for optimism that "nuclear chromodynamics" is a viable endeavor. For example, as we have shown in Section 4 we can use QCD to make predictions for the short distance behavior of the deuteron wavefunction and the deuteron ?orm factor at large momentum transfer. The predictions give a remarkably accurate description of the scaiing behavior of the available deuteron form factor data for Q* as low 89 1 CcV *. The &CD approach also allows the definition of "reduced" nuclear amplitudes which can be used to consistently and covariantly remove -w the effect of nucleon compositeness from nuclear amplitudes. An important feature of such predictions is that they provide rigorous constraints on exclusive nuclear amplitudes which l --.m -have the correct analytic, gauge-invariant, and scaling properties predicted by QCD at short distances. This suggests the construction of boundary condition model amplitudes which simultaneously satisfy low energy and chiral theorems at low momentum transfer as well as the rigorous QCD constraints at high momentum transfers.30 In addition, by using the light cone formalism, one can obtain a consistent relativistic Fock state wave function description of hadrons and nuclei which ties on to the Schroedinger theory in the nonrelativistic regime. One can also be encouraged by progress in non-perturbative methods in &CD such as lattice gauge theories or chromostatics;31 eventually these approaches should be able to deal with multi-quark source problems.
It is essential to have direct experiment guidance in how to proceed as one develops nuclear chromodynamics. A high duty factor electron accelerator32 with laboratory energy beyond 4 GeV is an important tool because of the simplicity of the probe and the fact that we understand the coupling of the electron and quark current in &CD. It is also clear that 3. One wishes to study each exclusive channel in detail in order to verify and understand the emergence of QCD scaling laws and to understand how the various channels combine together to yield effective Bjorken scaling. Helicity information is also very valuable. For example &CD predicts that at large momentum transfer, the helicity-0 to helicity-0 deuteron form factor is dominant and that for any large momentum transfer reaction, total hadronic helicity is conserved. resonances is clearly very difficult, since the detailed dynamics is dependent on the degree of mixing with ordinary states, the availability of decay channels, etc. Since hidden color states have suppressed overlap with the usual hadronic amplitudes it may be quite difficult to find such states in ordinary hadronic collisions. On the other hand, the virtual photon probe gives a hard momentum transfer to a single struck quark, and it is thus more likely to be sensitive to the short-distance hidden color components in the target wave function. Adequate electron energy is essential not only to produce dibaryon resonances but also to allow sufficient momentum transfer Q2 to decrease backgrounds and to provide trL/bT separation.
5. One wishes to probe and parametrize the high momentum transfer dependence of the deuteron n -p and A -A components, as a clue toward a complete description of the nuclear wavefunction.
6. One wishes to measure the neutron, pion, and kaon form factors.
7. The region well beyond z = 1 for deep inelastic electron-nucleus scattering is important QCD physics since the virtual quark and gluon configurations in the nuclear wave function are required to be far off shell. Understanding the detailed mechanisms which underlie this dynamics will require coincident measurements and the broadest kinematic region available for 0L/aT separation. The y-variable approach which attributes the electron scattering to nucleon currents is likely to break dotin aeven at moderate Q2. Coincidence measurements which can examine the importance of the nucleon component are well worth study.
8. One wishes to study the emergence of strangeness in the nuclear state.
-The fact that QCD is a viable theory for hadronic interactions implies that a fundamental description of the nuclear force is now possible. Although detailed work on the synthesis of QCD and nuclear physics is just beginning, it is clear from the structure of QCD that several traditional concepts of nuclear physics will have to be modified. These include conventional treatments of meson and baryon-pair contributions to the electromagnetic current and analyses of the nuclear form factor in terms of factorized on-shell nucleon form factors. On the other hand, the reduced nuclear form factor and scattering matrix elements discussed in Section 4 give a viable prescription for the extrapolation of nuclear amplitudes to zero nucleon radius. There is thus the possibility that even the low momentum transfer phenomenology of nuclear parameters will be significantly modified.
